Article tissues (Funderburgh 2000) . KS is classified into three different types-KS-I, KS-II and KS-III-based upon structural diversity in the oligosaccharides that link KS to the protein core (Funderburgh 2002) . KS-I comprises N-linked KS chains that are abundant in the cornea. KS-II is composed of KS chains that are O-linked through N-acetylgalactosamine (GalNAc) and found in cartilage. The KS extended from 511619J HCXXX10.1369/0022155413511619Hoshino et alLoss of 5D4 Epitope in KSGAL6ST-KO Brain
Introduction
Carbohydrate sulfation is a post-translational modification that occurs for molecules generally found on the cell surface and within the extracellular matrix. Sulfation modification is often altered in the brain in response to developing and pathological changes (Hosono-Fukao et al. 2012; Miyata et al. 2012) . Examples of molecules with such modifications include glycosaminoglycans, selectin ligand mucins and sulfatides (Bishop et al. 2007; Eckhardt 2008; Nakato and Kimata 2002; Rosen 2004) . Keratan sulfate (KS) is one of the glycosaminoglycans covalently attached to a core protein to form a keratan sulfate proteoglycan (KSPG) . KS was first isolated from bovine cornea (Meyer et al. 1953 ). It has also been found in skeletal and nervous O-linked mannose was described in proteoglycans extracted from the brain (Krusius et al. 1986 ) and defined later as KS-III (Funderburgh 2002) . Intriguingly, up to 30% of all O-linked sugars in the brain are O-mannosyl-linked, although the structure is rare in most tissues (Chai et al. 1999; Krusius et al. 1986 ). Phosphacan is a major proteoglycan that carries KS-III in the central nervous tissue (Margolis et al. 1996) .
KS consists of repeating disaccharide units of galactose (Gal) and N-acetylglucosamine (GlcNAc). The structure of KS chain-capping varies at their non-reducing termini, which include α(2-3)-or α(2-6)-linked sialic acid, α(1-3)linked Gal and β(1-3)-linked sulfated GalNAc (Tai et al. 1996) . Sulfation modifications, as well as elongation of the KS chains, are enzymatic. The vast majority of GlcNAc residues and a significant portion of adjacent Gal residues in KS are sulfated at their C6 positions. Keratan sulfate galactose 6-O-sulfotransferase (KSGal6ST, encoded by the gene CHST1) and chondroitin sulfotransferase-1 (C6ST-1) have been shown to generate C6-sulfated Gal in vitro (Fukuta et al. 1997; Habuchi et al. 1996; Torii et al. 2000) . Genetic disruptions in KSGal6ST are associated with deficiency in the biosynthesis of KS in the eye (Patnode et al. 2013b) ; however, no gross morphological differences were observed in KSGal6ST-deficient mice (Patnode et al. 2013a; Patnode et al. 2013b) . N-Acetylglucosamine 6-O-sulfotransferase-1 (GlcNAc6ST1, encoded by the gene CHST2), GlcNAc6ST2/HEC-GlcNAc6ST/LSST, GlcNAc6ST3/I-GlcNAc6ST, GlcNAc6ST4/C6ST-2 and GlcNAc6ST5/C-GlcNAc6ST (encoded by the gene CHST6) all can transfer a sulfate group to C6 of GlcNAc. Thus far, five members of the GlcNAc6ST family have been identified in humans, four of which have murine orthologs (Uchimura and Rosen 2006) . Mutation in the CHST6 gene was identified as a cause of macular corneal dystrophy (Akama et al. 2000) . GlcNAc6ST5 is essential for the synthesis of corneal KS. We have established that GlcNAc6ST1 and GlcNAc6ST2 impart L-selectin ligand activity to several mucins by elaborating sialyl 6-sulfo Lewis X, a C6-sulfated GlcNAc-containing oligosaccharide, and regulating lymphocyte homing to lymph nodes (Kawashima et al. 2005; Uchimura et al. 2005) . We have also shown that GlcNAc6ST1 is an enzyme responsible for the synthesis of KS induced in the brain and spinal cord of adult mice after injury, and that loss of KS facilitates axonal regeneration/ sprouting. (Ito et al. 2010; Zhang et al. 2006) .
Sulfated patterns within glycosaminoglycans can be differentially detected with specific antibodies (Couchman et al. 1984; Dennissen et al. 2002; Fukui et al. 2002) . Several monoclonal antibodies against KS have been developed; for example, 5D4, BCD4, TRA-1, I22, 373E1 and R10G (Andrews et al. 1984; Caterson et al. 1983; Funderburgh et al. 1990; Glant et al. 1986; Kawabe et al. 2013; Magro et al. 2003) . Each of these antibodies recognizes sulfated epitopes within the KS chains. The monoclonal antibody 5D4, which was raised against KS-enriched proteoglycans of human articular cartilage (Caterson et al. 1983) , has been used extensively to evaluate KS expression. Many studies have shown the susceptibility of 5D4 immunoreactivity to enzymatic treatment with keratanases. Although the linear pentasulfated hexasaccharide of poly-N-acetyllactosamine is sufficient for substantial inhibition of the binding of 5D4 to bovine corneal KS (Mehmet et al. 1986 ), the precise chemical structure of the 5D4 epitope is not completely understood. By immunocytochemistry, 5D4 reacts with cornea (Akama et al. 2000; Funderburgh et al. 1987) , articular cartilage (Caterson et al. 1983; Poole et al. 1991) and N-linked KS in aggrecan (Poon et al. 2005) . In the central nervous system (CNS), the epitope is constitutively expressed in a subpopulation of microglia of the adult brain (Bertolotto et al. 1998; Bertolotto et al. 1993; Jander et al. 2000) . An increase in microglial expression of the epitope is also found in adult brains of animal models of bovine spongiform encephalopathy-like disease (Manuelidis et al. 1997) , cerebral amyloid angiopathy (Miao et al. 2005 ) and familial Danish dementia (Vidal et al. 2009 ). The 5D4 epitope is also up-regulated in adult brain and spinal cord after injury (Imagama et al. 2011; Jones and Tuszynski 2002; Zhang et al. 2006 ).
In the developing brain, the expression of the 5D4 epitope is spatiotemporally regulated, as demonstrated in the rat (Meyer-Puttlitz et al. 1995; Miller et al. 1997) . Using GlcNAc6ST1-deficient mice, we have previously shown that GlcNAc6ST1 is required for the expression of the 5D4 epitope in early postnatal mouse brains (Zhang et al. 2006 ). However, it has not been determined whether KSGal6ST is involved in synthesis of the 5D4 epitope in early postnatal mouse brain. In this study, we analyzed the expression of KSGal6ST, as well as the 5D4 epitope and GlcNAc6ST1, in the brains of postnatal day 1-21 mice. We found that the 5D4 reactivity in the cortex and thalamus of postnatal brains is eliminated in KSGal6ST-deficient mice, indicating that this enzyme is essential for the synthesis of the 5D4 epitope in developing postnatal mouse brains.
Materials & Methods

Antibodies
The following materials were obtained commercially from the indicated sources. The 5D4 anti-KS antibody and the 6B4 mouse monoclonal anti-phosphacan antibody were from Seikagaku Corporation (Tokyo, Japan); goat anti-KSGal6ST (CHST1) antibody was from Santa Cruz Biotechnology, Inc. (Dallas, TX); rabbit anti-GlcNAc6ST-1 (CHST2) polyclonal antibody and anti-actin antibody (clone AC-40) were from Sigma-Aldrich (St. Louis, MO); horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG1 was from Caltag (Burlingame, CA); HRP-conjugated goat anti-rabbit IgG (H+L) was from Cell Signaling Technology (Danvers, MA); and HRP-conjugated goat anti-mouse IgG2b, HRP-conjugated goat anti-mouse IgG (H+L) and Cy™3-conjugated goat anti-mouse IgG1 were from Jackson ImmunoResearch Laboratories (West Grove, PA).
Animals
C57BL/6J mice (6 weeks old) were purchased from SLC Inc. (Hamamatsu, Japan). The generation of KSGal6STdeficient mice (Patnode et al. 2013 ) and GlcNAc6ST1deficient (Uchimura et al. 2004 ) mice was as previously described. GlcNAc6ST1-deficient mice have no apparent gross abnormalities (Uchimura et al. 2004 ). All mice were maintained in the animal facilities of Nagoya University Graduate School of Medicine and the National Center for Geriatrics and Gerontology (NCGG). All experiments were approved by the Animal Research Committee of Nagoya University and NCGG, and performed in accordance with the guidelines of Nagoya University and NCGG.
Northern Blot Analysis
Total RNA was isolated from C57BL/6J mouse tissues using TRIzol (Invitrogen; Carlsbad, CA) following the manufacturer's instructions. The radioactive probes for mRNA detection of KSGal6ST (Fukuta et al. 1997) and GlcNAc6ST1, and mouse multiple tissue Northern membranes were prepared as described previously (Uchimura et al. 1998a) . Human Multiple Tissue Northern Blots were purchased from Clontech Laboratories, Inc. (Mountain View, CA). Hybridization was performed as described previously (Uchimura et al. 1998b ). The radioactivity on the membrane was determined with a BAS 2000 bio-imaging analyzer (Fuji Film; Tokyo, Japan). Hybridization with a cDNA probe of glyceraldehyde 3-phosphate dehydrogenase to test for equal RNA loading was as previously described (Uchimura et al. 1998a; Uchimura et al. 1998b ).
Recombinant Proteins
Plasmids harboring cDNAs of mouse KSGal6ST (pCMV6-Entry Myc/DDK-mChst1) and GlcNAc6ST-1 (pCMV6-mChst2) were purchased from OriGene Technologies, Inc. (Rockville, MD). HeLa cells were transfected with the plasmids by using FuGENE 6 (Promega; Fitchburg, WI) as per the manufacturer's instructions. Forty-eight hr later, the cells were washed with phosphate-buffered saline (PBS) supplemented with Complete protease inhibitor cocktail (Roche Applied Science; Mannheim, Germany), and then collected in PBS in a tube. The cell suspension was subjected to three repeated cycles of freezing and thawing. After centrifugation at 12,000 × g for 10 min, the pellet was suspended in 10 mM Tris-HCl containing 1 mM EDTA (pH 8.0) and 1% Triton X-100, followed by mild agitation at 4C for 15 min. The supernatant obtained by centrifugation at 12,000 × g for 10 min was used as the "membrane fraction". HeLa cells do not express transcripts for either KSGal6ST ( Figure 6D ) or GlcNAc6ST1 (Uchimura et al. 1998b ).
Western Blot Analysis and Immunoprecipitation
Fractionation of brain samples was performed as described previously (Hosono-Fukao et al. 2012) . Snap-frozen mouse cortices (~25 mg) from postnatal and adult mice were fragmented by sonicating in cold Tris-buffered saline (TBS) containing Complete protease inhibitor. The material was ultracentrifuged at 100,000 × g for 20 min at 4C. The supernatant was used as the "TBS-soluble fraction". The pellet was re-suspended in TBS containing 1% SDS and Complete protease inhibitor. The suspension was centrifuged at 12,000 rpm for 20 min at room temperature. The supernatant was used as the "SDS-soluble fraction". Forty micrograms of proteins in the TBS-soluble fractions (for 5D4 epitope detection) and 20 µg of proteins in the SDS-soluble fractions (for KSGal6ST and GlcNAc6ST1 detection) were subjected to SDS-PAGE on NuPAGE 3% to 8% gels (Invitrogen) and on 7.5% gels (Wako; Osaka, Japan), respectively. Non-reducing SDS-PAGE was carried out to detect KSGal6ST and GlcNAc6ST1 proteins.
To determine the effects of glycosaminoglycan-degrading enzymes, 1% Triton-soluble whole-tissue lysates were prepared and used as the "Triton-soluble fractions". The samples were treated with enzymes at 37C overnight before undergoing electrophoresis. The enzymes used were a mix of 1 mU heparinase I (Sigma), 0.25 mU heparinase II (Sigma) and 0.1 mU heparinase III (Sigma), 50 mU chondroitinase ABC (Seikagaku), 0.5 mU keratanase II (Seikagaku) or 250 mTRU hyaluronidase (Seikagaku). For pretreatment with a mix of heparitinases, MgCl 2 (10 mM final) was added to the reaction mixture. Electrophoresed samples were blotted onto polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA). Blots were blocked with TBS containing 0.1% Tween-20 (TBS-T) and 5% skim milk (BD Biosciences; Franklin Lakes, NJ) for 1 hr and then incubated with primary antibody: anti-KS antibody (5D4; 1:500 dilution), anti-KSGal6ST antibody (A-2; 1:1000 dilution), anti-GlcNAc6ST-1 antibody (1:1000 dilution), in 5% skim milk/TBS-T overnight at 4C, or anti-actin antibody (1:2500 dilution) for 1 hr at room temperature. Membranes were washed with TBS-T and incubated for 1 hr with horseradish peroxidase (HRP)-conjugated secondary antibody. Bound antibodies were detected with Super Signal West Pico Chemiluminescent reagent (Thermo Scientific; Wilmington, DE). For immunoprecipitation, Triton X-100 was added to 200 µg of proteins in the "TBS-soluble fraction" of the cortex to a final concentration of 1% (w/v). The suspension was heated for 10 min at 95C and then subjected to the digestion with chondroitinase ABC. The digested materials were mixed with the 6B4 rabbit polyclonal anti-phosphacan antibody (a generous gift from N. Maeda) for 2 hr at 4C. The immune complex was precipitated with 30 µL of a 50% (v/v) suspension of protein A sepharose for 1 hr at 4C and then washed three times with PBS containing 0.3% Triton X-100. The immunocomplexes bound to the protein A beads were isolated by centrifugation and then subjected to immunoblotting and lectin blot analyses with biotinylated Lycopersicon esculentum lectin (LEL) (5 µg/ml; Vector Laboratories, Burlingame, CA) and HRP-conjugated streptavidin (1:10,000 dilution; Caltag).
Preparation and Structural Analysis of Brain Keratan Sulfate
Brain KS was isolated and analyzed as described previously for heparan sulfate (Hosono-Fukao et al. 2012) with slight modifications. Mouse brains were dissected from postnatal day 1 mice (~150 mg), suspended in 2 ml of 0.2 N NaOH, and then incubated overnight at room temperature. Samples were neutralized with 4 N HCl and then treated with DNase I and RNase A (0.04 mg/ml each) (Roche Applied Science) in 50 mM Tris-HCl, pH 8.0, 10 mM MgCl 2 for 3 hr at 37C. Subsequently, the samples were treated with actinase E (0.08 mg/ml) (Kaken Pharmaceutical Co., Ltd., Tokyo, Japan) overnight at 37C. Samples were heated to inactivate enzymes and then centrifuged at 5000 × g at 4C for 10 min. The supernatant was collected, mixed with an equal volume of 50 mM Tris-HCl, pH 7.2, and then applied to a diethylaminoethanol (DEAE) Sepharose column for chromatography. The column was washed with 50 mM Tris-HCl, pH 7.2, and 0.1 M NaCl. KS bound to the column was eluted with 50 mM Tris-HCl, pH 7.2, and 2 M NaCl and then precipitated with ethanol. KS was pre-treated with a mix of 50 mU neuraminidase (Arthrobacter ureafaciens: Nacalai Tesque, Kyoto, Japan) and 2 µU α1,3/4-L -fucosidase (Streptomyces sp. 142: Takara Bio Inc., Shiga, Japan) for 2 hr at 37C. KS was precipitated using ethanol and then digested with 0.5 mU keratanase II (Bacillus sp. Ks 36: Seikagaku, Tokyo, Japan) at 37C overnight. The oligosaccharide compositions of KS were determined by reversed-phase ion-pair chromatography with post-column fluorescent labeling (Patnode et al. 2013) . The level of KS content was determined by summing the amounts of Galß1-4GlcNAc(6S) and Gal(6S) ß1-4GlcNAc(6S) disaccharides detected in each sample. Galß1-4GlcNAc(6S) and Gal(6S)ß1-4GlcNAc(6S) were provided by Nobuo Sugiura, Aichi Medical University, and used as authentic standards.
Immunohistochemistry
Fresh brains from developing and adult wild type (WT), KSGal6ST KO and GlcNAc6ST-1 KO mice were embedded in the O.C.T. compound (Sakura Finetek, Torrance, CA) and then frozen using liquid nitrogen. Cryostat-cut sections (10 µm thick) were prepared on MAS-coated glass slides (SF17293, Matsunami, Osaka, Japan), fixed with ice-cold acetone for 15 min, and then air-dried for 30 min. Sections were incubated with 3% BSA in PBS for 15 min at room temperature for blocking and then incubated with 5D4 anti-KS antibody (1:80 dilution) overnight at 4C. Sections were incubated with Cy3-anti-mouse IgG1 (1:250 dilution) for 30 min at room temperature. After washing with PBS, sections were incubated with Hoechst 33342 solution (Dojindo, Japan; 1:1000 dilution) for 5 min at room temperature for staining nuclei. Stained sections were mounted in FluorSave Reagent (Merck). Digital images were captured by fluorescent microscopy (model BX50, Olympus) at the same setting for all images.
Immunocytochemistry
HeLa cells that were transfected with pCMV6 Entry Myc/ DDK-mChst1 and/or pCMV6-mChst2 as described above, and were grown on culture slides (BD Falcon). Forty-eight hr later, the cells were washed with PBS and then fixed with 4% paraformaldehyde in PBS for 15 min at room temperature. Sections were incubated with 3% BSA in PBS for 15 min at room temperature for blocking and then incubated with 5D4 anti-KS antibody (1:500 dilution) for 1 hr at room temperature. Bound antibody was detected with Cy3-antimouse IgG1 antibody (1:250 dilution). The transfection efficiency was measured by counting the percentage of green-fluorescent cells in parallel experiments with an expression plasmid encoding green fluorescent protein (GFP). The efficiency was determined to be ~70%.
Statistical Analysis
All data are presented as the mean ± S.D. unless noted otherwise. The values were analyzed by one-way ANOVA with Tukey's test using Prism software (GraphPad Software, La Jolla, CA). P values less than 0.05 were considered to be statistically significant.
Results
Expression of mRNAs and Proteins of KSGal6ST and GlcNAc6ST1 in Early Postnatal Brains
mRNA expression of KSGal6ST/Chst1 and GlcNAc6ST1/ Chst2 in mouse brains at postnatal days (P) 1 to P28 was examined by Northern blotting analysis. Transcripts for Chst1 (2.8 kb) and Chst2 (3.9 kb) were detected in the cortex and cerebellum throughout the postnatal period. mRNA levels of these genes increased from P7 to P28 (Fig. 1A) . We then investigated whether KSGal6ST and GlcNAc6ST1 proteins were expressed in the cortex at different developmental stages. We carried out western blotting using specific antibodies: mouse anti-KSGal6ST and rabbit anti-GlcNAc6ST1. We confirmed the specificity of these antibodies using recombinant proteins in "membrane fractions" from HeLa cells transfected with pCMV6-Entry Myc/DDK-mChst1 or pCMV6-mChst2 (Fig. 1B) . Anti-KSGal6ST and anti-GlcNAc6ST1 antibodies specifically reacted with recombinant KSGal6ST (120 kDa) and GlcNAc6ST1 proteins (135 kDa), respectively, under non-reducing conditions (Fig. 1B) . For further validation of these antibodies, we employed mice deficient in the two enzymes. Anti-KSGal6ST and anti-GlcNAc6ST1 antibodies detected bands at 120 kDa and 135 kDa, respectively, in "membrane fractions" of P1 WT cortex (Fig. 1C) . Bands with corresponding sizes were not seen in their gene knock-out (KO) mice (Fig. 1C ). We prepared "SDSsoluble fractions" of the cortex from postnatal days 1, 7, 14, and 21 and adult wild-type mice. These samples were subjected to western blotting analysis, and we observed expression of KSGal6ST in the P1-21 and adult cortex samples. Higher levels of protein expression were seen at P7, 14 and 21 (Fig. 1D) . The highest level of GlcNAc6ST1 expression was observed at P1, with expression decreasing with age ( Fig. 1D) . Interestingly, the size of the immunoreactive band seen in P1 gradually increased with age to 145 kDa at P21.
Deficient Expression of the 5D4 KS Epitope in Early Postnatal Brains of KSGal6ST KO Mice
We carried out 5D4 western blot analysis on "TBS-soluble fractions" obtained from the cortex of mouse postnatal brains. A major smear band was detected at approximately 500 kDa ( Fig. 2A) . Minor bands were present at 280, 240 and 150 kDa in the P1 cortex ( Fig. 2A) . The expression level of the 5D4 epitope in these bands was the highest in P1. 5D4 reactivity to these bands declined with postnatal time. Expression of the 5D4 epitope was totally absent in postnatal brain samples from KSGal6ST KO and GlcNAc6ST1 KO mice ( Fig. 2A) . To test if the 5D4 epitope is within KS chains in postnatal brains, "Triton-soluble fractions" were prepared from tissue homogenates of P1 cortex and then incubated with different glycosaminoglycandegrading enzymes. Pre-digestion with keratanase II greatly reduced the 5D4 immunoreactivity (Fig. 2B) . Chondroitinase ABC, heparitinases (a mixture of heparinase I, heparinase II and heparinase III) and hyaluronidase did not affect reactivity, while these enzymes produced a slight increase in (Chst1) and GlcNAc6ST1 (Chst2) mRNA expression in the cortex (Cx) and cerebellum (CB) at postnatal days (P) 1, 3, 5, 7, 14, 21 and 28. Each lane contained 10 µg of total RNA. (B-D) Immunoblot analysis with anti-KSGal6ST and anti-GlcNAc6ST1 antibodies, performed as described in Materials & Methods. "Membrane fractions" were prepared from HeLa cells that were transfected with an empty vector (Mock), plasmid harboring cDNA of mouse KSGal6ST (Chst1) or mouse GlcNAc6ST1 (Chst2) (B), and from cortices of postnatal day 1 WT, KSGal6ST KO and GlcNAc6ST1 KO mice (C). KSGal6ST and GlcNAc6ST1 expression in "SDSsoluble fractions" prepared from postnatal day (P) 1, 7, 14, 21, and adult WT mouse cortices. Intensities of bands relative to P1 were measured by densitometry. Open dots represent data from two independent determinations. (D) Columns show means of these data points. reactivity (Fig. 2B) . Robust expression of the 5D4 epitope in the subplate and marginal zone of P1 cortex was observed, as previously described for rat tissue (Miller et al. 1997) (Fig. 2C) . These staining signals were primarily seen in extracellular spaces. The expression became broad in all layers of the cortex from P7 to P21. The 5D4 immunoreactivity was abolished in the postnatal brains of KSGal6ST KO and GlcNAc6ST1 KO mice (Fig. 2C) . Expression of the 5D4 epitope in the dorsal thalamus of postnatal brains was also eliminated in KSGal6ST KO and GlcNAc6ST-1 KO mice (Fig. 2D ). 5D4 immunoreactivity detected in cells in the fimbriae of the hippocampus and the medulla of the adult cerebellum was also absent in the KO mice (data not shown).
Diminished KS Synthesis in Early Postnatal Brains of KSGal6ST KO Mice
To see if KS synthesis is altered in the early postnatal brain of the sulfotransferase KO mice, the P1 cortices of mice deficient in KSGal6ST and GlcNAc6ST1 were subjected to reversed-phase ion-pair high-performance liquid chromatography. The disaccharide compositions of the KS were determined. We found that the amount of a mono-sulfated disaccharide, Galβ1-4GlcNAc(6S), was not altered in KSGal6ST KO but decreased in GlcNAc6ST-1KO to 25% of the WT level (Fig. 3A) . The amount of the di-sulfated disaccharide, Gal(6S)β1-4GlcNAc(6S), was reduced to an undetectable level in both KSGal6ST KO and GlcNAc6ST1 KO mice (Fig. 3A) . The KS content in the tissue was reduced to 41% and 9% of the WT level in KSGal6ST KO and GlcNAc6ST1 KO, respectively (Fig. 3B ).
Elaboration of the 5D4 Epitope in HeLa Cells by Co-transfecting cDNAs of KSGal6ST and GlcNAc6ST1
We then investigated whether KSGal6ST and GlcNAc6ST1 are sufficient to elaborate the 5D4 epitope in culture cells. HeLa cells were transfected with pcDNA3.1, pCMV6-Entry Myc/DDK-mChst1, pCMV6-mChst2 or both pCMV6-Entry Myc/DDK-mChst1 and pCMV6-mChst2 (Fig. 4) . Immunostaining by 5D4 showed that 3.2 ± 1.2% of HeLa cells transfected with cDNAs for both KSGal6ST and GlcNAc6ST1 were positive for the stained signals. Cells transfected with either cDNA alone did not show expression of the 5D4 epitope.
Loss of the 5D4 Epitope in Phosphacan Expressed in P1 Brains of KSGal6ST KO Mice
Phosphacan is a KSPG in nervous tissue (Margolis et al. 1996) . Both the 6B4 rabbit polyclonal and the 6B4 mouse monoclonal antibodies recognize this proteoglycan (Maeda et al. 1995) . A rabbit 6B4 immunoprecipitate of TBS-soluble fraction of WT P1 brains reacted with 5D4 by western blotting. This reactivity was absent in corresponding 6B4 immunoprecipitates from KSGal6ST KO and GlcNAc6ST1 KO mice (Fig. 5) . The 6B4 mouse monoclonal antibody and LEL, a lectin that binds to polylactosamine (Togayachi et al. 2007) , recognized bands in 6B4 immunoprecipitate samples of all three genotypes (Fig. 5 ). The reactivity of LEL was slightly increased in the 6B4 immunoprecipitate of GlcNAc6ST1 KO brain as compared with that from WT samples (Fig. 5 ).
mRNA Expression of KSGal6ST/CHST1 in Adult Tissues
In adult, mRNA levels of mouse Chst1 and human CHST1 were the highest in central nervous system tissues (Figs. 6A, 6B ). Human CHST1 mRNA was broadly expressed in subregions of the brain tested (Fig. 6C ). High and moderate expression of the CHST1 gene in SW480 and G361 cells were observed, respectively (Fig. 6D ).
Discussion
In the present study, we demonstrate that the 5D4 KS epitope is strongly expressed in mouse postnatal brains, especially in the cortex and thalamus, and that the level of the epitope declined with age. Immunohistochemistry and western blot analysis showed that the 5D4 epitope was absent in mice deficient in either KSGal6ST or GlcNAc6ST1. These results indicate that KSGal6ST and GlcNAc6ST1 are essential for elaboration of the 5D4 epitope in brain at an early postnatal stage. Our structural analysis revealed that KSGal6ST is essential for Gal-6-sulfation of Gal(6S)β1-4GlcNAc(6S) within KS, but not for GlcNAc-6-sulfation of Galβ1-4GlcNAc(6S) in P1 mouse brains. In GlcNAc6ST1 KO brains, Galβ1-4GlcNAc(6S) was substantially reduced. The residual amount of Galβ1-4GlcNAc(6S) could be attributed to activities of other GlcNAc6STs. Gal(6S)β1-4GlcNAc(6S) was at an undetectable level in the GlcNAc6ST1 KO brains. This may be explained by the fact that GlcNAc-6-sulfation occurs only on GlcNAc residues on the non-reducing termini of nascent carbohydrate chains (Akama et al. 2002; Uchimura et al. 1998a) , and that Gal-6-sulfation requires GlcNAc-6sulfation. Analysis of mice lacking other members of Gal6ST and GlcNAc6ST would be one avenue to address these issues. Why parallel increases in the amount of Galβ1-4GlcNAc(6S) in KSGal6ST KO brains was not observed and certain amounts of Gal(6S)β1-4GlcNAc(6S) were not detected in GlcNAc6ST1 KO brains remain unexplained. Our procedures for the quantification and analysis Figure 5 . Loss of the 5D4 epitope in phosphacan expressed in postnatal day 1 brain of mice deficient in KSGal6ST and GlcNAc6ST1. "TBS-soluble fractions" prepared from P1 wild type (WT), KSGal6ST KO and GlcNAc6ST1 KO cortices were treated with chondroitinase ABC and then precipitated with the 6B4 rabbit polyclonal anti-phosphacan antibody. Immunoprecipitated materials were blotted with 5D4 or the 6B4 mouse monoclonal anti-phosphacan antibody. Lectin blot analysis for the materials was performed with LEL, which binds to polylactosamines (Togayachi et al. 2007 ). The asterisk indicates the position of the immunoglobulin heavy chain.
of disaccharide compositions of KS include enzymatic cleavage and separation of digestion products by reversedphase ion-pair chromatography, thus relying upon substrate specificity of keratanase II. The enzyme hydrolyses the β-1,3-glucosaminidic linkage to Gal in KS. Keratanase II requires the sulfate at the C6 position of the participating glucosamine. If the non-sulfated disaccharide, N-acetyllactosamine, exists on the non-reducing side of Galβ1-4GlcNAc(6S) and Gal(6S)β1-4GlcNAc(6S), these sulfated disaccharides are not released by digestion with keratanase II. Some of the sulfated disaccharides could be underestimated. The subtle increase in LEL recognition in the GlcNAc6ST1 KO sample could be due to altered synthesis of N-acetyllactosamine. Alternative approaches, such as FACE (Plaas et al. 2001 ) and NMR (Brown et al. 1994) , could provide insight to explain why the deficiency in GlcNAc6ST1 can cause incremental changes in the proportion of the non-sulfated disaccharides within KS and/or an increase in the elongation of polylactosamine in a distinct branch of the glycan. It is of note that 6-sulfation of Gal by KSGal6ST competes with fucosylation of 6-sulfated GlcNAc within lactosamine (Hiraoka et al. 2007 ). We thus cannot rule out the possible involvement of fucosyltransferases in the synthesis of cerebral KS at an early postnatal stage.
Our transfection experiments revealed that both KSGal6ST and GlcNAc6ST1 are sufficient to reconstitute the 5D4 epitope in HeLa cells. This result is consistent with a previous report that KS oligosaccharides comprising both 6-sulfated Gal and 6-sulfated GlcNAc residues markedly inhibit the 5D4 binding to KS (Mehmet et al. 1986 ). In accordance with a previous report showing that human GlcNAc6ST5/CHST6 and mouse GlcNAc6ST3/Chst5 cooperate with KSGal6ST to produce the 5D4 epitope in HeLa cells (Akama et al. 2001) , mouse GlcNAc6ST1 cooperates with KSGal6ST to produce this epitope. Gal-6-sulfation by KSGal6ST should occur following GlcNAc-6-sulfation by GlcNAc6ST1. This could be explained by a previous report stating that KSGal6ST preferentially transfers sulfate to a Gal residue adjacent to 6-sulfated GlcNAc (Torii et al. 2000) .
KSPGs have been identified and characterized in the CNS (Funderburgh 2000) . Among these, phosphacan, a secreted variant of protein-tyrosine phosphatase receptor type Z (Ptprz)/protein tyrosine phosphatase ζ (PTP ζ )/ receptor protein tyrosine phosphatase β (RPTPβ), is expressed in early postnatal brain of rodents (Margolis et al. 1996; Miller et al. 1997) . Monoclonal anti-DSD-1 antibody, 473HD, recognizes phosphacan (Faissner et al. 1994 ) and stains the marginal zone and subplate of the developing mouse brain (Dwyer et al. 2012) . We have previously shown that materials of mouse P1 brains precipitated with an anti-phosphacan antibody were immunoreactive with 5D4 (Zhang et al. 2006) . Indeed, immunoprecipitation experiments revealed that the 5D4 epitope in phosphacan is totally abolished in P1 brains of mice deficient in either KSGal6ST or GlcNAc6ST1. Although there is the possibility that the 5D4-positive molecules in P1 mouse cortex include aggrecan (Funderburgh 2000) and proteolytically released ectodomains of Ptprz (Chow et al. 2008) , it is most likely that the major 5D4-positive band, with a size above 460 kDa in P1 mouse cortex, is phosphacan. Phosphacan is a chondroitin sulfate proteoglycan that is also modified with KS and binds to tenascin but not to laminin or fibronectin (Grumet et al. 1994) . During the early postnatal stage, growth of neurites and synapse formation actively proceed in the cortex. Phosphacan inhibits cell adhesion to tenascin (Grumet et al. 1994 ) and promotes neurite extension of cortical neurons (Maeda et al. 1995) . It has been proposed that these phosphacan/RPTPβ cell-matrix and cell-cell interactions in the developing brain might be important for cortical histogenesis. RPTPβ signaling is regulated by its O-mannosyl glycan structures (Abbott et al. 2008) . It is plausible that KS modification on the O-mannosyl-linked glycans could be involved in signaling mediated by phosphacan/RPTPβ in early postnatal brains.
In conclusion, we found that KSGal6ST is essential for elaboration of 6-sulfation of Gal and the 5D4 epitope within KS in postnatal mouse brains. These observations corroborate with our previous finding that GlcNAc6ST1 is essential for this epitope. The possible involvement of the KS epitope and its underlying sulfotransferases in the developing postnatal cortex, as well as injury and disease settings, are accessible to further investigation by employing gene-knockout mice.
